In this paper, we propose an efficient soft iterative decoding method for raptor codes, which are customized for satellite broadcasting systems. The raptor codes presented in this paper are composed of a systematic LDPC code concatenated with another systematic Luby transform (LT) code. The outer codes are DVB-S2 and DVB-S2X defined forward error correction codes for interactive satellite broadcasting systems. For efficient soft decoding of the raptor codes, we represent both of the component codes with the same graph structure. Based on the Tanner graph drawn in terms of bit nodes and check nodes for each component code, we present an efficient joint iterative soft decoding method with a parallel process.
I. INTRODUCTION
Rateless codes, also known as fountain codes, were introduced to achieve capacity-achieving performance for the channel without requiring feedback or knowledge of the erasure conditions. Luby transform (LT) codes were the first class of rateless codes [1] . Raptor codes were designed as an extension of LT codes concatenating an LT code with a precode [2] , and they are known to outperform LT codes on a wide variety of noisy channels [3] . A low-density parity check (LDPC) code is often used as the precode, and LDPC codes are famous for their capacity approximating performance due to soft iterative decoding [4] .
Multimedia broadcast multicast services (MBMS) introduced in the third Generation partnership project (3GPP) uses forward error correction (FEC) scheme with rateless codes at the application layer to protect the video bit stream against packet loss [5] . The satellite system is an effective means to provide MBMS, and thus rateless codes are considered to provide satellite broadcasting services efficiently. For example, in order to overcome the heterogeneity and reduce the number of retransmissions, the packet level forward error correction (FEC) scheme using LT codes was incorporated in satellite data broadcasting system in [6] . Applications of raptor codes for the digital video broadcasting via satellite (DVB-S) system were considered in [7] [8] .
The channel conditions of wireless communication systems are usually much more severe, and attempts have been made to utilize soft decision information to improve the decoding performance [9] . Joint iterative soft decoding algorithms for raptor codes have been proposed that use the soft information produced by both component codes of raptor codes [10] [11] . However, these joint decoding methods used multiple iterative loops that incurred a long decoding time. In this paper, we first propose an efficient parallel decoding algorithm for joint iterative decoding of raptor codes to reduce the decoding time. In the proposed decoding method, there is an initial decoding process of a component code, and the succeeding step invokes two component decoders simultaneously so that they can work in parallel. In this way, the proposed scheme does not require any additional memory or hardware, and reduces the decoding time by half. Section 2 briefly reviews the encoding and decoding for raptor codes. Section 3 describes the basic concept of the proposed parallel decoding method, including a compact set of equations and an algorithm to execute the method. Section 4 presents performance simulation results, and section 5 concludes the paper.
II. ENCODING AND DECODING OF CONCATENATED RATELESS CODES
We consider raptor codes that are composed of outer LDPC codes concatenated with inner LT codes. They are encoded first using the information I, of length k', to u, of length k, by applying the outer LDPC code using a parity check matrix H of the LDPC code; then, the codeword c is generated by the inner LT encoder with a predetermined degree distribution ρ [1] [2] .
In the decoding process, whether it is carried out in a tandem or joint manner [10] [11] , LT decoding should be carried out first so that its soft output information can be provided to the subsequent LDPC decoding process. If joint decoding is performed, then soft output information from the LDPC decoding is fed back to the LT decoder, and this process is iterated through the exchange of soft information. The soft information used during the iterative decoding process is generally in the form of log-likelihood ratios (LLRs), and exchanges of these LLRs are made through the Tanner graphs of both component codes [11] , as shown in Fig. 1 . 
III. PROPOSED PARALLEL SOFT DECODING FOR RAPTOR CODES
Conventional joint iterative decoding process involves three iterative loops, including iterative loops inside LT and LDPC decoders, and iterative loops between two decoders [10] [11] . We note that, after an initial iteration, not only the LT decoder but also LDPC decoder can be activated. In this case, the LT decoder and the LDPC decoder can start the decoding by using extrinsic information provided by the other decoder. By this way, two decoders can be processed in parallel, and neither additional hardware processors nor memories are required.
With this basic concept, the proposed parallel decoding method is explained as follows. Referring to Fig. 1 , first, soft input vector for to the LT decoder, r , is estimated by using a soft demodulator such as in [12] . Then, soft iterative decoding with either a sum-product or min-sum algorithm is performed by alternatively estimating LLRs between the encoding node, j, and information node, i, where 1  j  n and 1  i  k. . With these initial values, the LT decoder updates the LLR values between the encoding and information nodes alternatively using the following equations, assuming the sum-product algorithm is used [9] :
where Nj is the index set of the information nodes connected with encoding node, j. , ,
,t i v is the LLR estimated from bit node i to check node j, and Ri is the index set of the check nodes connected with bit node i. Afterwards, the LDPC decoder alternatively estimates the following LLR values:
,i t w is the LLR estimated from the check node t to bit node i, and C t is the index set of the bit nodes connected with check node t, where 1  t  k -k′. Subsequently, the soft output on bit nodes is estimated by:
If the parity check equation for the LDPC code is satisfied, the decoding process will be terminated. Otherwise, this iterative process is continued until we reach the maximum iteration number, 1 max  . Afterwards, LT decoder continues its iterative process with a new initialization as follows:
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. At the same time LDPC decoder is performed in parallel with the initialization as in (4) . Using these initialized values, the LT decoder estimates LLR values in (1) and (2) alternatively, in parallel with the LDPC decoder estimate alternative LLR values in (5) and (6) .
Both of the LT and LDPC decoders will repeat the above process in parallel until they reach the maximum number of inner iterations, 1 max    . After exiting the inner loop, both decoders exchange their soft outputs utilizing the initialization process defined in (4) and (8) , and this will be continued until they reach the maximum number of outer iterations, Fig. 3 shows how the extrinsic information is exchanged during the parallel decoding process, and the number with parenthesis in each box represents the equation number to estimate LLRs.
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IV. SIMULATION RESULTS
We simulated the performance of the proposed parallel soft iterative decoding algorithm on an additive white Gaussian noise (AWGN) channel with binary phase shift keying (BPSK) modulation scheme. We used systematic raptor codes. As the inner and outer codes, LT codes with a degree distribution specified in [13] and LDPC code with the normal frame size and code rate of 1/4 specified in DVB-S2 standard were used [14] [15]. Fig. 3 shows the BER performance comparison when (η max , α max0 , α max1 ) = (50, 1, 1) , where R= k/n is the code rate of the raptor code. We note that the proposed parallel decoding method can reduce the decoding time by half due to the concurrent activation of both component decoders. The BER simulation result in Fig. 3 shows that the proposed parallel decoding method produces almost the same performance as the conventional sequential decoding method with twice faster decoding speed. V. CONCLUSIONS In this paper, we presented an efficient soft iterative decoding of raptor codes for satellite broadcasting systems. The simulation results demonstrated that the proposed parallel iterative decoding scheme produces approximating performance as the conventional serial decoding scheme with nearly twice faster speed.
